Experience with severe frostbite and other similar cold injuries during the recent war demonstrated the inadequacy of our knowledge of these conditions and the need for developing effective means for preventing their serious sequelae. Great controversy exists concerning the proper early treatment of severe frostbite. The radically divergent opinions held arise from disagreement as to the exact pathogenesis of tissue damage in severe cold injury; various workers having incriminated, singularly or in combinations, the direct traumatic action of cold on the protoplasm, the development of edema, vaso-constriction, silting of the formed elements of the blood, and the formation of thrombi. Suggested methods of treatment have differed according to which of these factors was deemed most important. They have included alteration of the environmental temperature to which the part was exposed, anticoagulants, and methods for altering the vascular tonus. No one method has been established by clinical and by experimental study to be entirely reliable, varying degrees of success have been reported with all.
The present study was undertaken with the object of investigating the value of several methods in the early treatment of severe experimental frostbite. It was hoped that some additional insight into the pathogenesis of tissue damage in frostbite might also be gained.
Materials and methods
White mice weighing from 20 to 25 ggm. were used. After anesthetization with 1.5 mg. of Nembutal administered intraperitoneally, a line was drawn with indelible ink around the tail of each mouse 6 cm. from the tip. This distance constituted approximately two-thirds to three-fourths of the extremity. The cold injury was inflicted by immersion of the tail to the mark in an ether bath cooled to -15°C. with solid carbon dioxide. Preliminary experiments had demonstrated that a more uniform injury could be produced by a constant period of actual solidification than by a uniform duration of exposure to the freezing mixture, due to the elimination of individual differences in resistance to frostbite. ThereFrom the Departments of Surgery, Yale University School of Medicine, and the Indiana University School of Medicine, Indiaapolis. Aided by a contract from the Office of Naval Research, the United Staes Navy. fore, all the tails were exposed for 5 seconds after initial solidification of the skin regardless of the time required for the beginning of freezing.
For those experiments in which it was desired to test the effect of heat and cold applied locally to the frostbitten extremity while the remainder of the body was exposed to room temperature, it was necessary to devise some means of immobilizing the tail without trauma or constriction. This was satisfactorily accomplished by placing the animal in a dose-fitting, cylindrical cage made of wire netting and with a glass-tube extension for the tail (Fig. 1) Coagulation times were determined by the method of Kruse and Campbell13 on blood obtained by slicing off the tip of the tail with a razor. Using this technique, the normal coagulation time of mice was found to range from 1 to 4 minutes (average: 2.6 minutes). Since the tail proved to be the orily suitable source of blood in the mouse and was also the extremity being used to study frostbite, it was impossible to follow the effect of the anticoagulant therapy in the animals actually being treated. Therefore, the determinations were made on control mice receiving the same course of treatment as the subjects. Two plans for the administration of the anticoagulant were used, one utilized essentially a 4-hour schedule and the other essentially a 3-hour schedule. The effect on the dotting time of a single injection of heparin and of a second injection given 3 hours after the first is shown in Fig. 2 . The mice receiving heparin by the first plan were given 0.2 mg. of the drug every 3 hours for. 4 doses and then every 4 hours for 60 hours. On the other regime 0.15 mg. of heparin were injected every 2 hours for 4 doses, then every 3 hours for 2 doses, and finally 0.1 mg. every 3 hours for 60 hours. The coagulation times of mice receiving these courses of heparinization are shown in Fig. 3 . The second schedule resulted in a better maintenance of the clotting time elevation and in a lower mortality from internal hemorrhage.
Other mice were treated with tetraethylammonium chloride (Etamon Chloride*) injected intraperitoneally as a 0.1 per cent solution in normal saline. The most prominent effect of this drug is the production of vasodilatation by blocking the efferent pathways of the sympathetic vasoconstrictor nerves in the paravertebral ganglia.' The vasodilatation effect of this drug was determined by measuring the skin temperature at the base of the tail with a thermocouple. The elevation of the temperature produced by a single dose of from 0.1 to 0.3 mg. is shown in Fig. 4 Therefore, the first series of mice serves as a control for all the treated groups.
After receiving the standard frostbite, the tails of 19 mice were exposed to an environmental temperature of from 1 to 3°C. for 3 days. Eleven of the 19 tails were placed in this cold atmosphere immediately after removal from the freezing mixture, while the remaining 8 were first allowed to thaw for 2 minutes at room temperature. Since no significant difference was noted in the results obtained in the 2 groups, they are considered as one. On the third day after freezing, when the tails were removed from the cold environment, gangrene was usually not apparent but developed rapidly thereafter. Of the 114 cm. of the tails frozen only 43.6 (38.2 per cent) survived. The mean loss was over twice that of the controls, 3.7 cm. There were no good or excellent results; no animal lost less than 2 cm. of its tail.
Eleven animals whose tails were similarly exposed for 3 days after freezing to an atmosphere of 20°C. fared better, but not so well as the control group. Sixty-six centimeters of their tails were frozen and 40.5 cm., or 61. 4 
(8) (9) this temperature range the processes of anabolism and catabolism were almost completely inhibited by the cold. The gangrene that clinically follows such chilling, he stated, was due to the vascular stasis resulting from the edema formed when the arteries, intensely constricted during the exposure, relaxed and conveyed blood at high pressure to the capillaries. Therefore, Lake advocated in all cases of mild cold injury the use of slow thawing, or rapid thawing with control of the arterial tonus by the administration of strychnine or ergot. To test the merits of the use of cold in the treatment of injuries due to cold we subjected the frostbitten tails of mice to a temperature of from 10 to 3 'C. for 3 days. The results show that this form of treatment produced a greater loss of tissue than that observed in the untreated control group of mice. The superior results obtained in the series treated in the same cages at 400 and 20°C. demonstrate that confinement was not the significant variable in this experiment; the animals were treated identically except for the temperature to which the frostbitten tails were exposed. Although an effort was made to maintain proper body temperature of the animals by applying external warmth several died; possibly the prolonged cooling of the tail may have been a contributing factor. This consideration may have influenced the survival of the frozen tails adversely. It is probable that the brevity of the treatment did not alter the end results. Arteriography performed on 2 mice, while technically not perfect, suggested that the vessels in the frostbitten tissue were occluded and that the tail was merely preserved temporarily in a nonviable state by refrigeration. The extremely rapid development of gangrene after restoration of the tails to room temperature supported this thesis.
The advocates of the treatment of cold injuries with cold maintain as a corollary that heat should never be applied to a frostbitten extremity. It has long been stated that heat increases tissue loss.9 15 However, Ariev3 and Harkins and Harmon12 reported that the frozen limbs of dogs and rabbits developed less gangrene when rapidly thawed in warm water than when slowly warmed in cold water. More recently Crismon and Fuhrman5 obtained excellent results in the prevention of gangrene in the ears of rabbits treated in this way. These workers observed that the appearance of stasis due to silting of the erythrocytes was delayed with this treatment until maximal edema had developed.
In our experience rapidly warming the frostbitten tails gave very good results. The results were statistically significant whether judged by the mean loss from gangrene, by the number surviving with minimal loss of tissue, or by the number in which no gangrene resulted.
Investigating further the use of heat in the treatment of cold injuries, the frostbitten tails of another group of mice were first rapidly thawed and then maintained in an atmospheric temperature of 40°C. for 3 days. This form of therapy was definitely less effective than rapid thawing alone, although it produced "probably" significant improvement over the controls, especially as regards confining gangrene to the distal 1 cm. of the tails.
Other authors2 have supported a compromise between the extremes of using heat or cold and have advocated placing frostbitten limbs in an atmosphere only slightly cooler than that of the ordinary room. Therefore, we treated some mice solely by exposure of the tails to a temperature of 20°C. for 3 days. They fared slightly worse than the control series of mice, although the difference was not statistically significant.
The concept that frostbite should be treated by delaying the appearance of stasis through the production of vasodilatation has led to the trial of methods of accomplishing this end other than by the direct ap- We treated two series of mice with heparin, one on a three-hour and the other on a four-hour schedule. The latter must be considered as inadequate therapy since the clotting time fell to within normal limits between injections; the mice so treated developed as much gangrene as did the controls. However, the other group receiving more vigorous treatment showed a significantly greater survival of frostbitten tissue than was observed in the control series. About 40 per cent of the mice failed to develop any gangrene.
Therefore, in these experiments rapid thawing and tetraethylammonium ion together and alone and heparin alone were found to be the most effective measures in preventing gangrene as a sequela to frostbite. The use of cold was definitely harmful, and continued mild heat was of little value. Since rapid warming, etamon chloride, and heparin are moderately effective when used alone, neither of the conditions that these agents attack can be overlooked in a consideration of the functional pathology of frostbite. Heparin inhibits thrombosis. Rapid thawing and blocking of sympathetic ganglia, according to Crismon and Fuhrman, delay the appearance of stasis by increasing the blood flow to the frostbitten part through vasodilatation. Consequently, the findings of these experiments support the view that gangrene is the result of direct cold injury to ischemic tissues with subsequent obliteration of the arterial tree by thrombosis, as has been proposed elsewhere.'8 The quick restitution of blood flow to the frozen extremity by rapid thawing and its maintainance by sympathetic interruption both decrease the duration and prevent the recurrence of ischemia. A combination of rapid thawing and continued vasodilatation, in this instance accomplished with etamon chloride, produced the most favorable results in our experiments. An attempt was made to add heparin to this course of therapy, but the combination of the two drugs resulted in almost 100 per cent mortality rate.
In the case of more severe cold injuries than were inflicted in this study, the methods of treatment employed here do not seem to be effective. In such cases of severe exposure in which the outcome cannot be altered favorably it would seem logical to assume that irreversible damage has been done to the cells by the direct action of cold, as set forth by Lake."4 It is possible, of course, that this concept may be changed in the future by demonstration of successful treatment in cases of this sort.
Summary and conclusions
Several concepts of the pathogenesis of gangrene following frostbite and the therapeutic measures suggested to prevent it have been presented. These methods for the early treatment of frostbite have been applied to a standard cold injury of the mouse tail and the relative efficacy of each determined. Rapid thawing of the frozen extremity and immediate adequate heparinization have been found to be moderately effective when used alone, while blocking of the sympathetic ganglia with tetraethylammonium ion was possibly also of some benefit. The prolonged maintainance of vasodilatation by the administration of tetraethylammonium ion after initial rapid thawing produced the most favorable results. Rapid thawing followed by the continued direct application of mild heat was found to be of less value than was rapid thawing alone. The early treatment of frostbite in the mouse by the local application of cold resulted in an increased loss of tissue. The suggestion is made that these results support the view that the gangrene following frostbite is due to the direct effect of cold on ischemic tissue with subsequent obliteration of the arterial tree by thrombosis.
